Membrane pore proteins are powerful tools that allow manipulation of the inside composition of micron sized bioreactors such as artificial liposomes. While the pores self-assemble very reliably on phospholipid bilayers, the determination of the number of pores in situ for liposomes remains difficult. Here we present three independent methods to establish the number of pores on different types of liposomes:
Introduction
During the past decades, articial phospholipid bilayer liposomes have been extensively studied. One major research theme was the possibility of using these liposomes as microscopic reactors for biomimetic systems.
1,2 The advantage of articial liposomes is the possibility of controlling both the lipid bilayer composition and the inside content. This allows reconstitution of certain aspects of living biological systems, and even rebuilding of certain properties of living cells. Recent advances have shown that it is possible to control the liposome inside solution up to a degree where protein construction via ribosomes is possible, 2 or to even reconstitute the actin cortex of living cells by inducing actin polymerization at the inner membrane.
1 Two important liposome preparation techniques are electroformation and the recently developed inverted emulsion technique. While the electroformation is, today, a simple and common technique, the inverted emulsion method is more complex but allows encapsulation of a well dened and precious content within the liposomes while having a totally different solution outside. In this report we will investigate both formation methods.
Many applications of liposome micro-reactors require a controlled triggering of the inside reactions and a steady control of parameters such as salt concentration, pH or the supply of energy in the form of adenosine triphosphate (ATP). This problem was solved by the addition of membrane pores with a well dened pore diameter, thus allowing the exchange of molecules below a mass threshold, while preserving larger molecules such as proteins inside the liposome. A common pore protein used for that is the bacterial toxin a-hemolysin, which is secreted by the bacteria Staphylococcus aureus as a water soluble monomer with a size of 33.2 kDa.
3-5 Monomers self-assemble spontaneously on a phospholipid bilayer to form a mushroom-shaped pore with a cutoff mass of about 2 kDa, which is permeable to ions and single nucleotides, but blocks larger proteins that do not t through the 1.5 nm pore diameter. 3 The a-hemolysin pore therefore satises the mentioned requirement to control pH, ions and ATP-concentration, while conning proteins inside the liposomes. Furthermore, the pore properties can be well controlled by genetic modications. 6 However, the quantication of the pore insertion density has remained a complex problem, which was commonly ignored as the pore protein was added in high concentrations to simply result in a saturation of pores on the membrane. Nevertheless, a good estimation of the pore concentration is important to understand the dynamics of the molecular exchange and to estimate the material uxes of molecules consumed inside the liposome, such as ATP or amino acids.
2 Commonly, the presence of pores is measured by the ion current ow, when applying a membrane potential. However, this method only works well for a small number of pores that are generally situated on a small membrane patch that is aspirated into a micropipet. 6 On liposomes, this technique is not possible as it requires the insertion of an electrode into the liposome, which ruptures the membrane and thus destroys the liposome.
Here we address the question of pore density by presenting three different methods, which give consistent results. Interestingly, we nd that the equilibration of different insideoutside conditions might take several minutes during which the system is out-of-equilibrium.
Methods

Liposome preparation
Liposome composition. EPC, DOGS-NTA-Ni, and DSPE-PEG(2000)-biotin (all purchased from Avanti Polar Lipids) are mixed with a molar ratio of EPC/DOGS-NTA-Ni/biotin of 91 : 8 : 1 (EPC/NTA).
Buffer composition. To image liposomes in phase contrast microscopy, different inside and outside buffers are used.
The inside buffer (I-Buffer-1) consists of 6.5 mM G-actin (including 20% uorescently labeled actin), 10 Contrast loss measurements are applied on liposomes prepared with these buffers. Inverted emulsion. 1 Lipids are dissolved in mineral oil (Sigma) at a total concentration of 0.5 mg ml
À1
. A volume of 5 ml of this oil-lipid mixture is sonicated in a bath at 35 degrees for 30 min at a power of 30 W, cooled to room temperature and then stored at 4 degrees for up to a week. An emulsion between the inside buffer and the oil-lipid mixture is prepared and added on top of the outside buffer. Subsequent centrifugation transports the inside solution emulsion across a lipid monolayer as described earlier 1 and liposomes are collected. Electroformation. 7 Briey, the lipid mix is dissolved in chloroform (2.5 mg ml À1 ) and 10 ml of this solution is applied on an ITO glass slide. The slides are stored in vacuum for 1 h to evaporate the solvent. Subsequently, two slides are assembled into a chamber of width 1 cm and height 2 mm. The cavity is lled with the inside buffer. An alternating electric eld (10 Hz, 2.3 V) is applied across the chamber for 8 hours. Liposomes created this way are diluted in the external buffer and stored at 4 degrees for up to a week. a-Hemolysin. The pore-forming protein a-hemolysin (Sigma) is dissolved to a nal concentration of 1 mg ml À1 in a buffer containing 150 mM KCl and 10 mM HEPES. To achieve comparable results, we always used the same nal concentration of 0.1 mg ml À1 a-hemolysin in the three different experiments described here.
Contrast measurement for the refractive index difference
To determine the relative difference of the refractive index between inside and outside a liposome, we use a recently developed method 8,9 based on light refraction across the membrane. A laser focus positioned at the interface of a liposome lled with a higher refractive index buffer refracts the light as a function of the refractive index differences. We record this asymmetry in the far eld of the laser using a quadrant photodiode (QPD) (see Fig. 1A ) mounted on an Olympus IX-71 microscope stand equipped with a Â60 water immersion objective (NA 1.2). During the experiments the liposome is xed with three beads in a multiple optical tweezer system. Each bead is trapped by an effective power of x5 to 7 mW. Meanwhile, we scan the focus of a weak (power # 0.5 mW) IR laser of wavelength 1064 nm over the membrane and measure the diffracted light using a QPD in the back-focal plane of the condenser. This scan results in a curve as shown in Fig. 2A that is similar to the one predicted and measured on scans over conrms the linear dependence of the slope s on the refractive index difference Dn as s(t) ¼ g Â Dn, where g is a complex function of the geometry and the optical conguration (inset Fig. 1B ). To analyse the data, the linear dependence of the slope on the refractive index difference is used. We measure the change in refractive index difference by recording the slope of the curve along the edge of the liposomes, while the concentration of glucose and sucrose equilibrates.
Liposome aspiration
Liposomes are aspirated as shown in Fig. 1C and D. Pipets are pulled from glass capillaries using a micropipet puller (P2000, Sutter Instruments, USA). The opening of the pipet is cleaved to a diameter of 3-5 mm by a microforge (MF-830, Narishige, Japan). Micropipets are lled with glucose buffer and mounted on the experimental chamber. Micropipets and experimental chambers are passivated by applying a 5 mg ml À1 casein solution for 30 minutes. Micropipette aspiration experiments are performed on a Nikon TE2000 inverted microscope with a Â100/NA 1.3 oil immersion objective (Nikon). To vary the pressure inside the micropipet, it is connected to a water reservoir of variable height using a tube system. Before each experiment, the point of zero pressure between the micropipet and the chamber is measured by adjusting it to the point of zero ow by aspirating tracer particles that are observed in the micropipet.
Hydrodynamic tube pulling
The experimental chamber consists of a single microuidic channel made out of poly(dimethylsiloxane) (PDMS), which is attached to a cover-glass through plasma activation. One side of the channel is cut open to allow the introduction of the liposomes and the glass micro-rod. The other end is connected to a syringe pump (KDS Scientic, USA), which operates in aspiration mode. The details of the setup are explained elsewhere.
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The channel is 200 mm high, 600 mm wide and 2 cm long. A coated glass micro-rod is used to attach the liposomes and to pull a tether under medium ow. Thin-tip micro-rods are prepared by pulling borosilicate rods (1 mm outer diameter) using a laser-based puller (P-2000, Sutter Inst., USA). The rods are then forged to 2-3 mm using a micro-forge (Narishige, Japan). Rods are coated with streptavidin to attach the membrane to the glass. This is done by rst cleaning them in plasma cleaner for 30 seconds, then incubating them in 0.1% v/w poly-lysine (Sigma) for 30 minutes. Then they are rinsed with PBS and incubated in 2.5 mg ml À1 streptavidin (Sigma) in PBS solution for 1 hour. The adhesion of the liposomes to the glass micro-rod takes place through the streptavidin on the micro-rod and the biotinylated lipids in the liposome membrane. Once the liposome is attached to the rod, it is brought into the channel using a mechanical micro-manipulator and raised to the middle of the channel, see Fig. 1E and F. Using the syringe pump in aspiration mode a xed debit, D f , is applied. The ow velocity has a Poiseuille distribution, is strongest at the mid-height of the channel, and is related to D f as: This journal is ª The Royal Society of Chemistry 2013 Soft Matter 3 Results and discussion
Time dependent refractive index difference
Before the incorporation of pores into the lipid bilayer, liposomes are visible in bright-eld microscopy due to the difference in the refractive indices of sucrose and glucose. The addition of pores allows equilibration of the glucose-sucrose concentrations across the membrane. This in turn reduces the asymmetry measured by the QPD. To quantify the loss of contrast we use the linear region of the scan curve as shown in Fig. 2A . 11 The slope of the linear regime between the minimal and the maximal signal is found by tting a line along the 200 nm region centered around the midpoint between the curve minimum and maximum.
Before pore addition, the deection is determined by the refractive indices of the inside buffer and outside buffer, n I ¼ 1.348 and n O ¼ 1.344, respectively. The initial refractive index difference of Dn ¼ 0.004 decreases while the concentration equilibrates across the membrane through the a-hemolysin pores. To measure the permeability, which allows estimation of the pore density, we will only require the time dependence of Dn that is proportional to the slope s (see Material and methods).
Fig . 2B shows the decrease of the slopes over time, starting right aer the addition of pores. The equilibration of the glucose-sucrose decreases the slope s until the point where only the refraction of the lipid bilayer is le. The contribution of the pure membrane is detectable (0.15 V mm À1 ) and constant as shown in Fig. 2A and B.
In the following, we will use the fact that for small concentrations, the refractive index is a linear function of the concentration of molecules in solution; hence n is proportional to c and we need to consider only the concentration change over time to model the data. Here we can make use of the known behaviour of concentration equilibration due to the permeability a, which contributes to the permeability equation:
where c i is the concentration inside the liposome, a is its permeability, A is the liposome surface, and Dc ¼ c i À c ext the concentration difference across the membrane. Furthermore, since we know that the outside concentration stays constant due to the large volume, dc i /dt ¼ d(Dc)/dt and thus, knowing the radius R of the liposome:
gives the solution:
where Dc 0 is the initial concentration difference. In fact, this calculation needs to be done for both molecular species, sucrose and glucose, marked respectively with the indices s and g:
The refractive index difference can be written as:
with n i and n ext as the inside and outside refractive indices respectively and Dn M the membrane contribution, we can rewrite the expression using b as an unknown proportionality constant between concentration and refractive index to yield:
Here we have established the connection between the total refractive index difference and the different contributions from glucose, sucrose and the membrane. As previously mentioned, the measured slope of the scan is directly proportional to the refractive index difference. Thus:
where s s and s g are simple prefactors s s,g ¼ gbDc
0 that ensure the transition from concentration difference to slope. For the following we are exclusively interested in the time dependence of eqn (9), which yields the permeabilities a s,g . The last term accounts for the contribution of the lipid bilayer that is unaffected by the change of molecules. Fig. 2B shows the slope contribution of the pure membrane s M ¼ 0.1453 AE 0.01 V nm À1 . As seen in Fig. 2B , experimentally we nd a slow and a fast exponential decay. We can attribute the fast decay to the equilibration of the smaller molecule, glucose, a g ¼ 1.1 AE 0.1 Â 10 À7 m s À1 and slow decay to sucrose, a s ¼ 1.5 AE 0.2 Â 10 À8 m s À1 . Commonly, the fast decay is less accurate; hence we exclusively use the slow equilibration of sucrose for the analysis presented in this work, which is represented by the rst term of eqn (9) . Note that this difference in the speeds of glucose and sucrose molecules leads to an intermediate timescale where the effective tension will increase as more glucose has entered the liposome than sucrose has le. We perform multiple experiments with this technique using both vesicles made by electroformation (EF) or inverted emulsion (IE). Fig. 2C shows the dependence of the permeability coefficient a s with the radius of liposomes for the two preparation methods. No signicant dependence of a s , neither on the radius nor on the preparation method is observed. These measurements yield a permeability of sucrose for inverted emulsion a s (IE) ¼ 6. To calculate the density of pores on the surface of the liposomes, we use the established model of diffusion through small pores by Pappenheimer 14 and Renkin.
15 For a pore of area A 0 ¼ pr 2 (with r as pore radius), the diffusion depends on the size of the passing molecule, which is dened by the hydrodynamic radius a. Pappenheimer and Renkin showed that the hydrodynamic drag can be taken into account when the actual pore area A 0 is replaced by an effective pore area A p , dened as:
The permeability coefficient depends on the pore density r, the diffusion constant D ¼ k B T/(6pha) and the length of the pore l, and is described by a ¼ rDA p /l. Using these expressions we can calculate the pore density from the measured permeability by:
with A p as dened above. The molecular parameters of the a-hemolysine channel have been measured previously to yield a pore radius of r ¼ 0.7 nm and a pore length of l ¼ 10 nm.
3,4 Furthermore, the hydrodynamic diameter of sucrose has been determined previously, a s ¼ 0.5 nm. 16 We apply this calculation using a viscosity of h ¼ (Table 1) . It should be noted that this method directly yields average pore densities of full liposomes, as possible local concentration gradients inside the liposome equilibrate on a timescale of z150 ms, while the timescale of sucrose/glucose equilibration across the membrane is 6-12 minutes.
Two other experiments on a pure EPC membrane lead to about ve times smaller values of the pore densities (see Table 1 ), which suggests a dependence of lipid compositions on pore insertion.
Micropipet aspiration leads to a steady loss of volume
To directly measure the loss of volume in a quasi-equilibrated situation, we aspirate liposomes with a given pressure, and use the volume loss to estimate the pore density. These experiments are performed aer equilibration of the sucrose-glucose concentration between the liposome and the buffer. A constant pressure is applied, which forces a constant water ow. Assuming that water permeability increases due to the pores, we thus can estimate the pore number. This measurement does in principle depend on the correct estimation of the volume loss over time.
In each experiment, we set the aspiration pressure in the micropipet DP to 0 and bring the micropipet tip close to a liposome membrane. Then we apply a constant aspiration pressure DP ¼ 160 Pa and monitor the entry of a liposome tongue inside the micropipet. We calculate the volume V(t) of the liposome from the measurement of micropipet radius r p (t), the radius of external portion of the liposome R(t) and length of the aspirated portion of the liposome L(t)
17 (see Fig. 1C ):
where Fig. 3 shows the evolution of liposome volumes with time for four examples. We observe that V(t) decreases linearly with time, showing that the ow J is constant for each liposome. Assuming for simplicity that most of the water is leaking though the pores, we can use the expression for the ux through N pores of radius r by:
where DP ¼ 2s/R, and h i is the viscosity of the uid inside. This reasoning allows the estimation of the number of pores to be N asp ¼ 6.1 AE 3.5 Â 10 4 , which gives a density of 122 AE 69 pores per mm 2 and an average pore distance of 90 AE 30 nm.
While these values are smaller that the measurements of the loss of contrast, they range in the same order of magnitude.
Hydrodynamic membrane tube pulling
Extrusion of membrane nanotubes from liposomes is used to probe the membrane tension, bending modulus, and This journal is ª The Royal Society of Chemistry 2013 Soft Matter permeability of these liposomes. The critical force needed to extrude a tube depends on the bending modulus of the membrane, k and the surface tension s as: f tube ¼ 2p ffiffiffiffiffiffiffi ffi 2ks p ¼ 2pk=r t , where r t is the tube radius. In the hydrodynamic tube extrusion (HTE) technique, a controlled uid ow is used to apply a force on an anchored liposome. Due to the rapid nature of this experiment, we cannot assume equilibrium of the glucose diffusion through the membrane. Therefore, we directly use the ow of water to analyze this experiment. The hydrodynamic force, which equals the drag force on the liposome, is given by: f drag ¼ 6phRU, where h is the viscosity of the uid, R is the radius of the liposome and U is the velocity of the ow. When f drag > f tube , a tube forms between the anchorage point and the liposome body downstream. Once the tube is formed, its dynamics is governed by the balance between the total friction force, f friction and f tube :
where _ L ¼ dL/dt is the tube elongation velocity. An impermeable liposome behaves like an entropic spring. As the tube elongates, the surface tension increases, leading to an augmentation of f tube and decrease of _ L. When _ L ¼ 0, the tube reaches a stationary length, L N , and the tube no longer elongates. The surface tension and the bending modulus of an impermeable liposome can hence be obtained by nding L N , as a function of U, as reported previously. 12 In contrast, for permeable liposomes, the membrane tension stays constant and the tube is extruded at constant velocity without reaching a stationary length 19 (Fig. 4) . The elongation of the tube is accompanied by a decrease of the volume V of the liposome as the uid inside the liposome leaks out with a rate given by:
2 dR/dt. Using the area conservation criteria, À8pR _ R ¼ 2pr t _ L, and the expression of the ux (eqn (13)) we get the following relationship between the number of pores as a function ow velocity U and tube extrusion speed _ L:
Taking r ¼ 0.7 nm for an a-hemolysin pore, k ¼ 10 k B T, and h i ¼ h o ¼ 0.9 Â 10 À3 Pa Â s aer buffer equilibration, we obtain N using eqn (15) . The pore density is dened as r ¼ N/A, where A is the area of the liposome at rest. Applying this third nonequilibrium technique, we nd a value of 146 AE 67 mm À2 for the pore density and an average distance between the pores of 83 AE 30 nm. These ndings match the results obtained from the micropipet aspiration measurements, and are in the same order of magnitude as the measurements obtained from the loss of contrast method.
Conclusion
We provide three different experimental ways of estimating the density of a-hemolysin pores that auto-assemble into a liposome at a given concentration of protein. Our measurements give consistent estimates of the pore density and average pore distance, thus validating the three measurements. The different ways of experiments used the loss of refractive index aer pore addition, the loss of volume during aspiration in a micropipet and the hydrodynamic extrusion of a membrane tube. Hence, we probed the initial non-equilibrium situation, the long term quasi-equilibrium during aspiration, which took up to 15 minutes, and the extension of membrane tubes, which happened on the timescale of up to 20 seconds.
The measurements of pore density and average pore distance presented show that even under variable preparation conditions, three different measurements produce comparable and consistent values that are on the order of 100 pores per mm 2 for EPC/NTA lipids. Nevertheless, it turns out that liposomes formed by pure EPC lipids seem to have a smaller pore density as compared to vesicles formed using EPC/NTA mix lipids (Table 1) . This shows that a-hemolysin adsorption appears to be sensitive to membrane composition. 
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